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ABSTRACT: 23 
 24 
The authors observe the significant penetration of electrically injected holes through 25 
InGaN/GaN quantum wells (QWs) with an indium mole fraction of 40%. This effect 26 
and its current density dependence were analysed by studies on micro-pixel light-27 
emitting diodes, which allowed current densities to be varied over a wide range up to 28 
5 kA/cm2. The systematic changes in electroluminescence spectra, are discussed in 29 
the light of the piezoelectric field in the high-indium-content QWs and its screening 30 
by the carriers. Simulations were also carried out to clarify the unusual hole transport 31 
mechanism and the underlying physics in these high-indium QWs. 32 
 33 
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 39 
 40 
 41 
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I. INTRODUCTION: 1 
InGaN-based light-emitting diodes (LEDs) have the capability to generate 2 
light across the whole visible spectrum, making them suitable light sources for a wide 3 
range of applications such as solid-state lighting, signalling, displays, and medical 4 
applications [1] [2]. The light emitting region in these LEDs is typically an 5 
InGaN/GaN multi-quantum-well (MQW) structure where the indium composition of 6 
the QWs determines the emission wavelength. However, as the indium content in the 7 
InGaN alloy increases above 25%, the quantum efficiency of the LEDs significantly 8 
drops, limiting the applications of InGaN LEDs with emission wavelengths longer 9 
than 520 nm [3]. The poor quantum efficiency of high-indium content LEDs 10 
compared to that of mature blue/green LEDs is mainly due to the strong strain-11 
induced piezoelectric field and the high dislocation/defect density in the LED 12 
epitaxial structure [3]-[6].  13 
The carrier transport and distribution mechanism in mature blue/green InGaN 14 
LEDs have been systematically studied before, which has been proved to have 15 
significant influence on the properties of the devices [7]-[14]. However, there is very 16 
little research on the carrier transport and distribution mechanism in InGaN LEDs 17 
with indium mole-fractions over 30%. Due to the high-indium content in the active 18 
region, such LEDs show many different electrical and optical properties compared 19 
with low-indium blue/green InGaN LEDs [3] [15]. Additionally, improvements of the 20 
quality of high-indium InGaN/GaN quantum wells (QWs) enabled important 21 
demonstrations and applications of LEDs with long emission wavelengths for 22 
phosphor-free white lighting, colour-conversion and displays [16]-[19]. Therefore, a 23 
clear understanding of the carrier dynamics in high-indium InGaN LEDs can help to 24 
optimize the LED epitaxial structure for better device performance and the 25 
aforementioned applications.  26 
In this work, we investigated the carrier transport and distribution in an LED 27 
structure comprising 7 QWs with 40% indium content and 5 QWs with 18% indium 28 
content. In particular, the electroluminescence (EL) of this LED was studied over a 29 
wide current density range up to several kA/cm2. This was enabled by fabricating so-30 
FDOOHG³PLFUR-/('V´LH/('VZLWKtypical sizes of several tens of microns or less. 31 
Due to a reduction in device self-heating and current crowding, micro-LEDs are able 32 
to be driven at very high current densities with very high output power densities, 33 
enabling many novel LED applications and the study of LED characteristics in a wide 34 
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current density range not accessible using conventional broad-area LEDs [20]-[23]. In 1 
this work, it is found that a significant number of holes penetrates through the seven 2 
repeat periods of high-indium-content QWs and recombines with electrons in the low-3 
indium-content QWs which are located at the n-side of the junction region. 4 
Additionally, we present evidence that the fraction of holes penetrating through the 5 
high-indium QWs is dependent on the current density. A finite element simulation 6 
indicates that an important factor influencing the hole transport is piezoelectric field 7 
which weakens the confining capability of QWs to holes. In this case, the screening of 8 
piezoelectric field explains the observed current density dependence. 9 
 10 
II. LED WAFER EPITAXIAL GROWTH AND DEVICE FABRICATION  11 
The LED wafer used for micro-LED device fabrication was grown on a c-plane 12 
sapphire substrate by metal organic chemical vapour deposition. Fig. 1 (a) shows the 13 
epitaxial structure of the LED wafer, which consists of a 1.5 µm thick GaN buffer 14 
layer, a 4 µm thick n-type  GaN layer, a MQW region and a 210 nm thick p-GaN cap 15 
layer. The MQW region contains a five-period In0.18Ga0.82N (3 nm)/GaN (10 nm) 16 
MQW layer emitting at 460 nm ³ERWWRP4:V´, and a seven-period In0.40Ga0.60N (4 17 
QP*D1QP04:OD\HUHPLWWLQJDWQP³PDLQ4:V´. More details of the 18 
LED wafer, including photoluminescence measurement, can be found in our previous 19 
work [5]. Fig. 1 (b) shows a schematic diagram of the conduction energy band 20 
without polarization field in the active region of the LED wafer material. The low-21 
indium-content blue QWs function as an electron reservoir for improving the radiative 22 
efficiency of the main QWs [24] [25]. More importantly, the main QWs have very 23 
high indium mole fraction, inducing 4.27% lattice mismatch between In0.40Ga0.60N 24 
and GaN. This large lattice mismatch leads to strong compressive strain in the main 25 
QWs, which can result in the generation of defects, dislocations and alloy non-26 
homogeneity [15]. Here, the bottom low indium-content blue QWs may play another 27 
beneficial role in partial strain relaxation, thus functioning to optimize the strain 28 
distribution and improve the crystal quality of the  main QWs [26].  29 
 30 
 31 
 32 
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 1 
Figure 1: (a) Epitaxial structure of the dual-wavelength high-indium-content LED 2 
wafer; (b) schematic diagram of the conduction energy band of the active region of 3 
the LED wafer material (without polarisation effect). 4 
 5 
The LED wafer was used to fabricate a 10 × 10 array of flip-chip micro-LEDs 6 
with 40 µm diameter on a 100 µm pitch. The mesa structure was first etched by Cl2-7 
based inductively coupled plasma down to the n-type GaN layer. After surface 8 
cleaning by a dilute HCl solution, a Ni/Au (10 nm/20 nm) metal bilayer was 9 
evaporated on the p-type GaN surface and thermally annealed in an air ambient at 500 10 
ºC to form a semi-transparent metal contact  on p-type GaN. The metallization on the 11 
n-type GaN was formed by depositing a Ti/Au (50 nm/200 nm) metal bilayer, which 12 
filled the area between each micro-LED and enabled an improved current spreading. 13 
Then, a 300 nm-thick SiO2 layer was deposited by plasma-enhanced chemical vapour 14 
deposition to isolate each LED element. After selectively removing SiO2 on top of 15 
each micro-LED, another Ti/Au metal bilayer was deposited on top of the oxidized 16 
Ni/Au bilayer as a reflector. This bilayer also connects each micro-LED pixel so as to 17 
individually address them. Fig. 2 (a) and (b) show a schematic cross-section and the 18 
current-voltage (I-V) characteristic of a typical micro-LED pixel from the array, 19 
respectively. A microscope image of a section of the array is also shown in the inset 20 
of Fig. 2 (b).   21 
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 1 
Figure 2: (a) Schematic cross-section and (b) I-V characteristic of a typical 40 µm 2 
diameter micro-LED pixel. The inset of (b) shows a microscope image of a section of 3 
the micro-LED array device.  4 
 5 
III. EXPERIMENTAL RESULTS AND DISCUSSIONS 6 
The EL spectra of the micro-LED device were measured by a fibre-coupled 7 
CCD spectrometer (0.1 nm resolution, fibre with 0.22 NA) where the fibre was butt-8 
coupled to the micro-LED. Fig. 3 shows the normalized EL spectra of a typical micro-9 
LED pixel under different injection current densities, taken in pulsed operation (100 10 
µs pulse duration at 0.1 % duty cycle) to minimize thermal effects. Two dominant 11 
emission peaks can clearly be seen and are attributed to the main QWs (red-green 12 
emission) and the bottom QWs (blue emission). Both evolve differently as a function 13 
of injection current density.  14 
The observation of a significant blue emission is surprising because holes have 15 
a high effective mass and a low mobility and therefore are a priori not expected to be 16 
injected into QWs deeper within the structure [8] [11] [27]-[29]. In previous work on 17 
low-indium-content LEDs, both direct observations, such as angle-resolved far-field 18 
measurement [8], and indirect indications based on EL spectra have shown that in 19 
these structures the QW closest to the p-side of the device has a much higher hole 20 
concentration than the other QWs [12]. It was also found that holes are more likely to 21 
transport into deep QWs with the increase of injection current [9]. However, as shown 22 
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in Fig. 3, the blue emissions in the spectra prove that holes can penetrate through the 1 
upper seven-period QWs and recombine in the bottom QWs. The spectra also indicate 2 
that such hole penetration and recombination vary with the injection current density. 3 
It is important to investigate and understand the physical mechanism responsible for 4 
such current-dependent deep hole injection in this LED structure.  5 
 6 
Figure 3: Normalized EL spectra of a typical micro-LED pixel under different 7 
injection current densities. The micro-LED pixel is operated under pulsed conditions.  8 
  9 
We first discuss the EL spectra in more detail. In order to reduce the influence 10 
of detector noise, the measured spectra were fitted by two Gaussian peaks 11 
corresponding to main and blue emissions, respectively. Fig. 4 (a) shows the 12 
integrated EL intensities of the fitted peaks as a function of injection current density. 13 
The intensity of main peak steadily increases with increasing current density similar 14 
to that of conventional InGaN LEDs. In contrary, the intensity of the blue peak 15 
increases to a peak at around 2-2.3 kA/cm2 and then drops with further increase of 16 
injection current density. Since electrons have a small effective mass and a high 17 
mobility, it can be assumed that the intensity of the blue peak reflects the distribution 18 
of holes in the device. From 0 to 1 kA/cm2, there is an intense rise of emission 19 
intensity from bottom QWs, indicating that holes can be effectively injected into 20 
bottom QWs with the increase of current. From 1 to 3 kA/cm2, the emission intensity 21 
from bottom QWs slightly increases to a peak at around 2-2.3 kA/cm2 and then 22 
slightly decreases. After 3 kA/cm2, the emission intensity from bottom QWs further 23 
drops with the increase of injection current density. Therefore, the hole transport is a 24 
current-dependent behaviour. The mechanism which enables the deep hole injection is 25 
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weakened with the increase of injection current, causing the drop of the EL emission 1 
intensity from the bottom QWs. Fig. 4 (b) shows the integrated EL intensity ratio of 2 
the blue peak to main peak. This ratio can be interpreted as a representation of the 3 
likelihood of holes to penetrate to the bottom QWs. It can be seen that holes have a 4 
significant likelihood to penetrate to the bottom QWs at low injection current 5 
densities while at high injection current densities holes are more likely to be trapped 6 
in main QWs. Additionally, above 3 kA/cm2 the intensity ratio is stagnant between 7 
5% and 10%, whereas below 3 kA/cm2 it varies strongly and a sharp drop of the 8 
intensity ratio can be clearly viewed.  9 
 10 
 11 
Figure 4: (a) Integrated EL intensity of the fitted two peaks (blue peak and main peak) 12 
from a typical micro-LED pixel under different injection current densities; (b) 13 
integrated EL intensity ratio of blue peak to main peak. The micro-LED pixel is 14 
operated under pulsed conditions.  15 
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We now explore the physical mechanisms controlling the hole distributions in 1 
the QWs with different indium-contents. In the device discussed here, the 2 
piezoelectric field in the main QWs has an important influence on the device 3 
performance and is also a likely reason for the hole penetration [15]. In general, the 4 
strong piezoelectric field and the current-dependent screening of the piezoelectric 5 
field have a big influence on the band structure of QWs and thus the carrier dynamics 6 
[15], [30]. In other words, the piezoelectric polarization due to lattice mismatch 7 
induces a build-in electric field in the polar QW, known as the piezoelectric field. 8 
This piezoelectric field can be screened by the injection carriers, which has a big 9 
influence on the band structure of QWs and thus the carrier dynamics [5]. The 10 
influence of the piezoelectric effect can be seen in the spectra shown in Fig. 3. At low 11 
current densities the main QW emission peak occurs at the target wavelength of 12 
600 nm. However, with the increase of current density, it blue-shifts to 550 nm which 13 
is mainly due to two reasons, i.e. the screening of piezoelectric field (also known as 14 
the screening of quantum confined Stark effect) and the band-filling effect [5],[31]-15 
[34]. However, the screening of piezoelectric field induces the narrowing of the 16 
emission spectra due to the flat energy band and enhanced overlap of electron and 17 
hole wave functions [35],[36]. While the band-filling effect induces the broadening of 18 
the emission spectra [37]. Shown in Fig. 5 are the corresponding peak position and 19 
full width at half maximum (FWHM) of the main peak extracted from the Gaussian fit. 20 
It can be seen that, in the current density range from 0 to 3 kA/cm2, there is a sharp 21 
blue-shift (about 50 nm) of the peak position accompanied by a narrowing of the 22 
FWHM. This indicates that, in this current density range, the blue-shift of the main 23 
emission peak is dominated by the screening effect of the piezoelectric field by 24 
injection carriers. Above 3 kA/cm2, the FWHM increases associated with a slight 25 
blue-shift of the peak position. In this regime, band-filling is likely the main driver for 26 
the broadening of FWHM and the slight blue-shift. This interpretation is in good 27 
agreement with our previous simulation results as the piezoelectric field is mostly 28 
screened above 3 kA/cm2 [5]. Therefore, the dominant factor determining the spectral 29 
behaviour changes at a current density regime of 2-3 kA/cm2, as indicated by the 30 
green arrow and dashed box in Fig. 5. Interestingly, this current density regime also 31 
matches very well with the current density regime highlighted by the green arrow and 32 
dashed box in Fig. 4 (a) and (b), where the emission intensity of blue QWs reaches its 33 
maximum value and the sharp drop of the integrated EL ratio stops. This coincidence 34 
9 
 
is an indication that the hole penetration below 3 kA/cm2 is dominated by the 1 
piezoelectric field in the QWs. 2 
 3 
 4 
Figure 5: Peak position and corresponded FWHM of the main emission peak of a 5 
micro-LED pixel as a function of pulsed operating current. 6 
 7 
This phenomenon can be interpreted as follows. A strong piezoelectric field 8 
severely tilts the band structure of QWs, decreasing the effective width of QW and 9 
subsequently leading to a strong flyover of carriers across the QW and a decrease of 10 
carrier capture rate of the QWs [15], [30]. Additionally, the ground state energy of 11 
electrons or holes in the narrow and tilted well is higher than that in the wider and 12 
standard well [15], [38], thus increasing the carrier escape rate. Also, the reduced 13 
overlap of hole and electron wave functions in a QW with piezoelectric field [7] 14 
results in a longer carrier lifetime and thus increases the chance of carrier escape. The 15 
schematics shown in Fig. 6 (a) and (b) illustrate these relevant factors on the carrier 16 
capture process and the energy state in a QW with and without piezoelectric field. As 17 
shown, the piezoelectric field can promote the transport of holes into deeper QWs 18 
while the screening of piezoelectric field can increase the confining capability of QWs, 19 
suppressing the transport of holes. It is probably for this reason that the emission from 20 
bottom QWs increases to a peak at around 2-2.3 kA/cm2 and decreases at higher 21 
current densities. Additionally, the sharp drop of integrated intensity ratio shown in 22 
Fig. 4 (b) appears in the current density regime (before 3 kA/cm2) where there is a 23 
strong screening of piezoelectric field ongoing and the stagnant of integrated intensity 24 
ratio appears in the current density regime (after 3 kA/cm2) where the piezoelectric 25 
10 
 
field is severely minimized. In Fig.4, when the current increases in a range from 0 to 1 
0.079 kA/cm2, the light intensity of bottom quantum wells increases relatively more 2 
significant than the light intensity of main quantum wells, inducing an increase of the 3 
ratio. This phenomenon has not been fully understood and is still under investigation. 4 
A possible reason is that the piezoelectric field in the bottom quantum wells is smaller 5 
than that in the main quantum wells. The smaller piezoelectric field in the bottom 6 
quantum wells is due to their lower indium mole fraction and corresponding smaller 7 
distribution of compressive strain. Details of the smaller piezoelectric field in bottom 8 
quantum wells, including experimental and simulation results, can be found in our 9 
previous work [5]. Therefore, the screening effect of carriers to piezoelectric field is 10 
relatively stronger than that in the main quantum wells under low injection current 11 
density and the light intensity of bottom quantum wells may increase relatively more 12 
significant than the light intensity of main quantum wells, inducing the increase of the 13 
ratio at low injection current density.  14 
 15 
Figure 6: Carrier capture process and schematic band diagram of an InGaN/GaN QW 16 
(a) with and (b) without piezoelectric field. Since the LED wafer was grown on c-17 
plane sapphire substrate and the compressive strain exists in the QW (InGaN on top of 18 
GaN), the direction of piezoelectric field is from right hand side (P-GaN side) to left 19 
hand side (N-GaN side). 20 
 21 
In order to provide further insight on the influence of the piezoelectric field on 22 
hole transport mechanism in this dual-wavelength LED, simulations were carried out 23 
based on an advanced self-consistent k.p model embedded in a commercial simulation 24 
software APSYS [39]-[41]. This software couples Poisson equation, Schrödinger 25 
11 
 
equation in quantum well (by 6×6 band k.p theory for valence band and 2×2 effective 1 
mass approximation for conduction band [41]), electron and hole current continuity 2 
equation and LED ray-tracing equation. All equations were numerically solved 3 
simultaneously by finite difference scheme with no-prior settings. More details of the 4 
self-consistent k.p model and the simulation method can be found elsewhere [42]-[46]. 5 
The simulation in this work was based on the LED structure described in Section II, 6 
except that a simple two set QWs were adopted: a low-indium-content (In0.18Ga0.82N) 7 
QW layer (3 nm)/GaN (10 nm) and a high-indium-content (In0.40Ga0.60N) QW layer (4 8 
nm)/GaN (13 nm). This simplification gives rapid convergence for simulation with 9 
reasonable computation time, and at the same time does not hinder to reveal the 10 
physical mechanism of our dual-wavelength LED structure. To demonstrate the 11 
influence of piezoelectric field and the screening of piezoelectric field, two simulation 12 
runs were performed: one with interface charge, which is automatically set by the 13 
software according to indium composition; another one without interface charge, 14 
which is manually set to zero. The simulation run with interface charge was used to 15 
represent the practical case where there is a strong piezoelectric field existing in the 16 
high-indium-content QW; while the simulation run without interface charge was used 17 
to represent an ideal case that the piezoelectric field is screened. In this way, the 18 
comparison of the QW with and without piezoelectric field can be made [47] [48]. It 19 
is worth noting that the setting of interface charge in the simulation is equivalent to 20 
that of piezoelectric field or polarization dipole moment [49]. 50% interface charge 21 
(0.5 screening ratio) were adopted in the simulation run with interface charge due to a 22 
weaker built-in polarization found in actual experiments [50],[51], which in our case 23 
gives an interface charge density of 1.5×1013/cm2 for the high-indium-content QW. 24 
This screening ratio only represents the screening of doping and defects to 25 
piezoelectric field [52]. All other material parameters used are from literature [53] and 26 
were kept the same for the two runs. 27 
Fig. 7 shows the energy band diagrams and quasi-Fermi levels of the QWs 28 
with and without piezoelectric field. The injection current density is 500 A/cm2. As 29 
shown in Fig. 7 (a), in the valence band of the QWs without piezoelectric field, the 30 
quasi-Fermi level is well above the band edge of the low-indium-content QW, which 31 
indicates that very few holes can be injected into this QW. In contrast, in the valence 32 
band of the QWs with piezoelectric field (Fig. 7 (b)), the quasi-Fermi level overlaps 33 
the band edge of the low-indium-content QW, which indicates that holes can be 34 
12 
 
injected into this QW. In Fig. 7 (b), the band bending of p-side does not arise 1 
significantly nearby the interface between p-side and QW, which is mainly due to two 2 
reasons. Firstly, Fig. 7 (b) is plotted at an injection current density of 500 A/cm2, 3 
applying such injection current density associated with high bias would flatten the 4 
band structure. Secondly, our structure does not have an AlGaN electron blocking 5 
layer. Therefore, the piezoelectric polarization mismatch between the QW and p-type 6 
GaN is small. Fig. 8 shows the hole density of the QWs with and without 7 
piezoelectric field under an injection current density of 500 A/cm2. As shown, the 8 
hole density in the low-indium-content QW with piezoelectric field is an order of 9 
magnitude higher than that without piezoelectric field. In addition, the hole density 10 
ratio of low-indium-content QW to high-indium-content QW increases substantially 11 
when the piezoelectric field is applied. These simulation results match up well with 12 
the experimental results and prove that the piezoelectric field promotes the 13 
penetration of holes into deeper QWs. For QW with different Indium composition, the 14 
piezoelectric field and the screening effect of carriers also exist. Therefore, the reason 15 
of the hole penetration discussed in this work should play an role as well. However, 16 
the intensity of piezoelectric field and its screening by carriers in the QW varies 17 
strongly with different Indium composition. Our results show what happens in an 18 
extreme case of high indium composition and the exact dependence of the effect on 19 
the indium composition will be studied in the future.  20 
 21 
 22 
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Figure 7: Energy band diagrams of QWs (a) without piezoelectric field and (b) with 1 
piezoelectric field under an injection current density of 500 A/cm2. 2 
 3 
 4 
Figure 8: Hole concentrations of the QWs with and without piezoelectric field under 5 
an injection current density of 500 A/cm2. 6 
 7 
IV. CONCLUSION: 8 
In summary, we have investigated the effect of hole penetration through a number 9 
of high-indium-content QWs in an InGaN micro-LED. It is demonstrated that the hole 10 
transport mechanism in this structure depends on the current density and coincides 11 
with screening of the built-in piezoelectric field. Studies on micro-LEDs allowed the 12 
current density to be varied over a wide range, up to 5 kA/ cm2. Based on the EL 13 
spectra, it is discussed how the piezoelectric field and its screening can indeed explain 14 
the observed behaviour of the device. Furthermore, this view is underpinned by 15 
simulation results which show that the piezoelectric field can increase the capability 16 
of hole transport into deeper QWs. Therefore, by investigating the carrier transport 17 
and distribution, this research provides insight into the piezoelectric field related 18 
mechanism underlying the current-dependent EL spectra observed in the high-indium-19 
content InGaN micro-LED device. 20 
 21 
 22 
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The relation between k.p theory, self-consistent k.p theory and device 
simulation models: 
 
1. Device simulation models: 
The basic equations to describe the electrical behavior of device are the following: 
a) Poisson¶s equation of electric potential V (field) 
0- (1 ) ( ) ,dc D D A A tj j tj it
j
V n p N f N f N f N
q
E V
H H G         
 
¦˄ ˅=
 
,n p : electron and hole concentration, usually by injection; 
,D AN N : donor and acceptor concentration; 
tjN : defect density for deep trap of j level; 
itN : interface charge density, for example, polarization charge. 
b) Current continuity equations for electrons and holes 
( )tj Dn n sp st auger opt D
j
fn
J R R R R G t N
t t
ww       w w¦  
( )tj Ap p sp st auger opt A
j
fp
J R R R R G t N
t t
ww        w w¦  
The basic equations to describe optical behavior are: 
c) Wave equation for light: 
2 2 2
0( , ) ( ( , ) ) ( , ) 0W x y k x y W x yH E     
d) Photon rate equation 
1
1 1
[ ln( )] 0
2
m m sp
m
c
g S c R dv
L rE    ³  
 
 For light emitting devices, light output power ( LOP ) is very important. Basically, 
spLOP Rv , where spR is the spontaneous recombination term. In a simple ABC model 
based on classical theory, 
2
spR Bn , but it usually requires quantum mechanical 
calculation of band structure in quantum wells (this is exactly what have been done in 
our simulation by k.p theory). 
 
2. k.p theory: 
k.p theory is a way to solve the Schrödinger equation in semiconductors to obtain 
band structure, wave function and recombination terms. It is a very old topic, while 
k.p theory for nitride was recently developed by S. L. Chuang. The k.p theory for 
nitride devices is slightly different from that for GaAs-based ones. One key issue is 
how to deal with polarization field, which was represented by the method by 
Bernardini, F. and V. Fiorentini (F. Bernardini and V. Fiorentini, ³1RQOLQHDU
macroscopic polarization in III-9QLWULGHDOOR\V´3K\VLFV5HYLHZB, Vol. 64, No. 8, 
pp. 085207 (2001)). 
 
3. Self-consistent k.p theory  
The self-consistent k.p theory just means a simultaneous solution of Schrödinger 
equation and Poisson equation. So our model is in nature a self-consistent k.p theory 
incorporated with more advanced models for nitride devices. 
 
4. The methodology of using no polarization field as a reference in polar QWs 
The methodology of using no polarization field as a reference in polar QWs has 
been accepted in many groups in the GaN community. Here give some researchers 
and references: 
 
>@-RDFKLP3LSUHN5REHUW)DUUHOO6WHYH'HQ%DUUVDQG6KXML1DNDPXUD³(IIHFWVRI
built-in polarization on InGaN-GaN vertical-cavity surface-HPLWWLQJ ODVHUV´ IEEE 
Photonics Technology Letters, Vol. 18, No. 1, pp.7-9, 2006. 
 
[2] Jun-Rong Chen, Chung-Hsien Lee, Tsung-Shine Ko, Yi-An Chang, Tien-Chang 
Lu, Hao-Chung Kuo, Yen-Kuang Kuo, and Shing-&KXQJ:DQJ ³Effects of built-in 
polarization and carrier overflow on InGaN quantum-well lasers with electronic 
EORFNLQJOD\HUV´ Journal of Lightwave Technology, Vol. 26, No. 3, pp.329-337, 2008. 
 
[3] Ziwen Yang, Rui Li, Qiyuan Wei, Tao Yu, Yanzhao Zhang, Weihua Chen, and 
Xiaodong Hu, ³Analysis of optical gain property in the InGaN/GaN triangular shaped 
TXDQWXPZHOOXQGHUWKHSLH]RHOHFWULFILHOG´Applied Physics Letters, Vol. 94, No. 6, 
pp.061120, 2009. 
 
5. Polarization charge, polarization field and screen effect 
Polarization field includes piezoelectric polarization and also spontaneous 
polarization. Polarization field was equivalent to interface charges through Poisson 
equation: 
0 ,dc itE N
q
H H  =  
Nit stands for polarization charge at the interface. As there are defects, deep level traps, 
donor and acceptor (as shallow level traps) in the material. Even at zero bias where 
there is no current injection, the field is still screened. Therefore, the equation changes 
to: 
0 ,dc it defectsE N N
q
H H  =  
According to experiment, the screen ratio is 20%-80%, and we set it at 50% in our 
work. Note that itN and defectsN  generally do not move in the material and also do 
not change with current injection (so the screen ratio is relatively unchanged), that is  
 0 (x x ),it itN N jG     
When current density increases, free carriers such as electrons and holes increases, 
which can be calculated by current continuity equation: 
( )tj Dn n sp st auger opt D
j
fn
J R R R R G t N
t t
ww       w w¦  
In the steady state, electron or hole concentration is a function of space variable and 
current density n(x,j). Because there exists the field, we have  
 (x, j) (x, j), xn pz    
Instead  
(x, j) (x, j),
x x
n p j ¦ ¦  
Above is the charge neutrality condition in the device. So now the Poission equation 
is  
0 - ,dc it defectsE N N n(x, j) p(x, j)
q
H H   =  
We see how the screen ratio changes with current injection.  
=
=
=
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From both the current continuity equation and Poisson equation, generally we have 
 , ,j n En n p   
This is the exactly way how we deal with this. Just as the Poission equation 
introduced at the beginning: 
0- (1 ) ( ) ,dc D D A A tj j tj it
j
V n p N f N f N f N
q
E V
H H G         
 
¦˄ ˅=
 
It should be emphasized that we make no hypothesis that the polarization charge itN  
decreases with current injection.  
From our previous paper (Z. Gong, et al., Semiconductor Science and Technology, 
Vol. 27, No. 1, pp. 015003 (2011)), we get a formula between E and j as a parabolic fit. 
The fit is empirical, and may be valid for only certain devices. A standard and 
self-consistent way is to solve the Poisson equation and current continuity equation.  
